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Two-Photon Interactions
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∆t ≈ 1/∆E

————————————————

The reaction, γγ → X, produces three
different types of two-photon final states:

1. γγ → �+�− (� = e, µ, τ )

2. γγ → ρ, φ, ω, J/ψ Vector Meson Dominance

VMD: main source of γγ → hadrons

3. γγ → qq̄ & γg → qq̄ Direct, Resolved

main source of γγ → QQ̄ (Q = charm, beauty)
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Two-Photon Interactions
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Invariant mass is typically small in a e+e− collision

compared to center-of-mass energy
√

s

• Q2
i = −q2

i = 2EiE
′
i(1 − cos θi)

Anti-tag condition (Q2
i ≈ 0) real photons have a

small transverse momentum, or virtuality

Measurement of Inclusive Charm Production in
Two-Photon Collisions at LEP

Alan L. Stone

Louisiana State University



4
Two-Photon Interactions
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• Annihilation Processes:
σ(e+e− → X) ∝ 1/s

...except resonance production such as Z0

• Two-Photon Processes:
σ(e+e− → e+e−X) ∝ (ln(s/m2

elec))
2

• Background to other processes.
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LEP Collider
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• LEP1: 1989 - 1995→
√
s � 91 GeV

• LEP1: 1996 - 2000→
√
s = 130 ∼ 200 GeV

EVENT ≡ e+e− interaction recorded to tape

Measurement of Inclusive Charm Production in
Two-Photon Collisions at LEP

Alan L. Stone

Louisiana State University



6
L3 Collaboration

L3  Collaboration

Aachen

Amsterdam

Ann Arbor
Annecy

Baltimore

Beijing

Bologna

Bombay

Boston

Budapest

Cambridge
Florence

Geneva

Hefei

Lausanne

Los Alamos

Lyon

Madrid

Milan

Moscow

Naples

Nicosia

Nijmegen

Oak Ridge

Pasadena

Perugia

Pittsburgh

Princeton

Rome

St.Petersburg

San Diego

Santiago

Shanghai

Sofia
Korea

Tuscaloosa

West Lafayette

Zeuthen

Zurich Taiwan

Hamburg

Bucharest

Helsinki

Baton Rouge

LSU Members: Prof. Roger McNeil, Dr. Valeri Andreev,
Alan L. Stone and Sepehr Saremi

Measurement of Inclusive Charm Production in Two-Photon
Collisions at LEP

Alan L. Stone

Louisiana State University



7
Luminosity Measurement

The number of events for a physical process:

Nevents = ε · σ · L
• ε = efficiency for detecting process

• σ = cross section (units of area: pb, nb, cm2)

• L = integrated luminosity

L depends on Accelerator and Detector live time

Determine L using process known very well
both theoretically and experimentally

Bhahba Scattering: e+e− → e+e−

...very high rate for low angles

e
e

e
e

γ

Le+e− =
Ne+e−→e+e−

ε σe+e−→e+e−
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γγ Hadronic Production
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Direct VDM

Double Resolved Single Resolved

• Direct and Single Resolved Processes
dominate in e+e− → e+e−cc̄ production
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Charm Production

Beauty production suppressed relative to
charm due of smaller charge and larger mass
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• Direct: Born term + virtual and real QCD
corrections
constrain mass of charm quark

• Single resolved: γg → cc̄

measurement of the gluon content in photon

At LEP2 energies, charm production from
resolved processes expected to be comparable
to direct
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Theoretical Cross Section

Next-to-Leading (NLO) Calculations

ALEPH
AMY
TOPAZ
VENUS
TASSO
JADE
TPC/Two-Gamma
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Ref: M.Drees, M.Kramer, J.Zunft & P.M. Zerwas
Physics Letters B 306 (1993) 371

• D∗ tagging: D∗± → D0π±

(TPC/2γ, TASSO, JADE, TOPAZ, AMY, ALEPH)

• Semileptonic decays: c → s W∗

↪→ � + ν
(TOPAZ,AMY,VENUS)
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Charm Quark Mass
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e+e− Collider Detector

Method of Particle Identification in the Detector

Magnet

Magnet

Muon
Hadron

Electron
Photon

Electron Positron

 

• Momentum of Charge Particles measured by
curvature in magnetic field in Tracking
Chamber

• Electrons & Photons measured in
Electromagnetic Calorimeter

• Pions, Kaons, Protons measured in Hadron
Calorimeter

• Muons penetrate Calorimeters to reach Muon
Chambers

Measurement of Inclusive Charm Production in
Two-Photon Collisions at LEP

Alan L. Stone

Louisiana State University



13
The L3 Detector
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Excellent resolution for e, µ, γ measurements
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L3 Calorimeters

Hadron calorimeter barrel

Hadron calorimeter
endcaps

Luminosity
Monitor

FTC

BGO
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SMD

HC1

HC3 HC2 Z-chamber

TEC

Active lead rings
 

SLUM

 

Endcap scintillator

Barrel scintillator EGAP

Luminosity Monitor: 25 mrad < θ < 70 mrad
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L3 Online Trigger System

Beams collide at 45 KHz

Coarse digitisation
MUCH TECH

Digitization

Central   Event  Builder

L3 Subdetector

DATA
45 KHz

Level 1
Trigger

~ 8 Hz
Level 2
Trigger

Level 3 Trigger

Tape/disk

Subdetector     event builder ~ 5 Hz

~ 3 Hz

SCIN LUMIECALHCAL Trigger data

Record all interesting physics interactions and
reject beam-wall, beam-gas, cosmic rays, etc.
background
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Hadronic Two-Photon Selection

• Wvis > 3 GeV

• Etotal/
√

s < 0.38

• Ntracks ≥ 5

• ELumi/EBeam < 0.4

√
s L Trigger Events BKG

(GeV) (pb−1) Efficiency (%)
91 80 0.87 93204 2.4
136 12 0.83 21045 0.2
167 21 0.83 44444 0.2
183 52 0.79 116760 0.2

❐ MC: PYTHIA version 5.722
e+e− → e+e−qq̄
LO Calculations with Wgen > 3 GeV

❐ Lγγ EPA (Q2 < 1 GeV)
Real Photons

❐ Background Sources
e+e− → Z/γ → qq̄ (JETSET/PYTHIA)
e+e− → τ+τ− (KORALZ)
e+e− → W+W− (KORALW)
e+e− → e+e−τ+τ− (DIAG36)
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Hadronic Two-Photon Selection
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Hadronic Two-Photon Selection

Data (183 GeV)
MC, ee→eeqq (Pythia)
MC, ee→qq,ττ ,eeττ ,WW
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Semi-Leptonic Decay of Charm
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Muon Candidate

Run #    658001    Event #  3689

Transverse Imbalance : Longitudinal Imbalance : 
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Transverse view of a two-photon muon-tagged
event
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Muon Candidate

Run #    658001    Event #  3689
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Lepton Selection

Muon Selection Electron Selection
| cos θ| < 0.90 | cos θ| < 0.90
Pµ > 2 GeV Ee > 0.6 GeV
Pµ < 0.2 EBeam ∆φ < 20 mrad

|DCA| < 0.5 mm
χ2

EM < 3
E1/E9 > 0.5
E9/E25 > 0.95
0.85 < ET/pT < 1.2

variable

evN

background

signal

cut
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Electron Selection

Data (91 GeV)
MC, electrons
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Lepton Selection Summary

Electrons√
s NOBS NEXP NBKG Nconv Pe εe

91 282 252 29.5 37.1 0.84 0.097

136 82 45 0.5 8.4 0.84 0.084

167 156 112 1.5 22.8 0.85 0.096

183 433 273 4.1 50.5 0.86 0.100

Muons√
s NOBS NEXP NBKG Pµ εµ

91 57 45 16.9 1.00 0.33

167 16 15 1.4 1.00 0.33

183 52 39 1.4 1.00 0.33

• NBKG: Background from annihilation processes and
two-photon production of tau pairs

• Nconv: Electrons from photon conversions

• Pe (Pµ): Electron (Muon) purity

• εe (εµ): Electron (Muon) selection efficiency

Measurement of Inclusive Charm Production in Two-Photon
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Inclusive Lepton Cross Section

e+e− → e+e−qq̄ → e+e− + hadrons+ lepton

• Wγγ > 3 GeV

• |cos θ| < 0.9

• p > 0.6 (2.0) GeV for Electrons (Muons)

∆σlept =
[(Nlept

obs −Nlept
bkg ) Plept] −Nconv

L εtrig εlept

Differential cross section for inclusive electrons as a

function of the electron transverse momentum

10
-2

10
-1

1

10

10 2

10 3

0 1 2 3 4 5

Data (183 GeV)
MC, ee → eecc
background

L3

pt (GeV)

 d
σ/

d
p

t (
p

b
/G

eV
)

Excess at high pt? Beauty?
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Inclusive Charm Cross Section

e+e− → e+e−cc̄X

σ =
(Nlept

obs − Nlept
bkg ) πc

L εtrig ε′c

πc = Nlept
c

Nlept
c +Nlept

nc

..to be less dependent on Monte Carlo flavor

composition (charm and non-charm)...

πc = (1 − εnc

εd
)/(1− εnc

εc
)

εd = Nlept
c +Nlept

nc

Nhad
c +Nhad

nc
=

Nlept
obs −Nlept

bkg

Nhad
obs−Nhad

bkg

Nlept
c +Nlept

nc

εd
= Nlept

c

εc
+ Nlept

nc

εnc

had : after hadronic two-photon selection
lept: after final selection with lepton tag
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Charm Analysis Summary

Electron Tag√
s L Ne

obs Ne
bkg πe

c εe′c
[GeV] [pb−1] Events Events [%] [10−2%]

91 79.8 282 29.5 50.5 ± 4.9 42.2 ± 3.4

136 12.1 82 0.5 70.0 ± 3.4 42.0 ± 4.0

167 21.2 156 1.5 60.0 ± 3.2 52.6 ± 3.3

183 52.2 433 4.1 65.9 ± 2.2 53.3 ± 2.6

Muon Tag√
s L Nµ

obs Nµ
bkg πµ

c εe′c
[GeV] [pb−1] Events Events [%] [10−2%]

91 79.8 57 15.9 70.6 ± 8.8 6.43 ± 1.10

167 21.2 16 1.41 48.3 ± 10.1 6.48 ± 1.01

183 52.2 52 1.38 61.7 ± 6.8 5.59 ± 0.83

Measurement of Inclusive Charm Production in Two-Photon
Collisions at LEP
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Inclusive Charm Cross Section

❐ e+e− → e+e−cc̄ (Electron Tag)

σ91 GeV = 435 ± 64 (stat) ± 76 (syst) [pb]

σ136 GeV = 1358 ± 243 (stat) ± 180 (syst) [pb]

σ167 GeV = 1009 ± 152 (stat) ± 106 (syst) [pb]

σ183 GeV = 1291 ± 105 (stat) ± 122 (syst) [pb]

❐ e+e− → e+e−cc̄ (Muon Tag)

σ91 GeV = 601 ± 168 (stat) ± 75 (syst) [pb]

σ167 GeV = 576 ± 361 (stat) ± 197 (syst) [pb]

σ183 GeV = 1260 ± 328 (stat) ± 246 (syst) [pb]

Measurement of Inclusive Charm Production in Two-Photon
Collisions at LEP
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Systematic Errors

Electron Tag√
s [GeV] 91 136 167 183

Charm purity 42.2 66.8 54.5 42.6
Charm selection eff. 35.0 129.3 63.6 63.3
Background 28.7 20.2 15.0 10.3
Trigger efficiency 4.8 40.5 22.2 18.1
Visible mass cut 32.0 100.8 14.0 64.6
Visible energy cut 2.6 0.7 0.1 9.0
ELumi/EBeam cut 6.5 14.4 2.0 1.0
Momentum cut 0.1 28.0 20.0 25.8
Polar angle cut 8.7 42.0 30.0 19.4
Other electron cuts 37.0 62.7 44.8 43.6
Branching ratio 13.0 40.8 30.3 38.7

TOTAL 76 180 106 122

Muon Tag√
s [GeV] 91 167 183

Charm purity 74.5 121.0 139.0
Charm selection eff. 103.0 90.0 186.0
Background 15.0 22.0 13.0
Trigger efficiency 6.6 12.0 18.0
Visible mass cut 12.2 44.0 17.0
Visible energy cut 97.0 51.0 43.0
ELumi/EBeam cut 0.1 87.0 0.1
Muon cut variation 24.2 11.0 50.1
Branching ratio 18.0 17.3 37.8

TOTAL 164 188 246

Systematic errors quoted in pb

Measurement of Inclusive Charm Production in
Two-Photon Collisions at LEP
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Total Inclusive Charm Cross Section

ALEPH
AMY
TOPAZ
VENUS
TASSO
JADE
TPC/Two-Gamma

L3

QCD

direct

√s (GeV)

σ(
e+ e-  →

 e
+ e- cc–

 X
) p

b

10 2

10 3

0 50 100 150 200

e+e− → e+e−cc̄X

σ91 GeV = 459 ± 60 (stat) ± 75 (syst) [pb]
σ136 GeV = 1358 ± 243 (stat) ± 180 (syst) [pb]
σ167 GeV = 936 ± 140 (stat) ± 100 (syst) [pb]
σ183 GeV = 1287 ± 100 (stat) ± 114 (syst) [pb]

Prediction is calculated using mc = 1.3 GeV
Renormalization scale chosen to be the charm mass
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Direct & Resolved Contributions

Energy flow as function of pseudorapidity

Data (183 GeV)
All
Resolved
Direct
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η = − ln[tan( θ
2)]

• η = 1.0 =⇒ θ � 40◦

• η = 1.5 =⇒ θ � 25◦

• η = 2.0 =⇒ θ � 15◦

Resolved process has a small angle remnant jet
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Electron Candidate

Run #    688501    Event #  1069

Transverse Imbalance : Longitudinal Imbalance : 

Thrust : Major : Minor : 

Event DAQ Time :

  Total Energy :   29.94 GeV
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Transverse view of a two-photon
electron-tagged event
p = 2.3 GeV and φ = 3◦
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Electron Candidate

Run #    688501    Event #  1069

Transverse Imbalance : Longitudinal Imbalance : 

Thrust : Major : Minor : 

Event DAQ Time :

  Total Energy :   29.94 GeV
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Summary

❐ Measured σ(e+e− → e+e−cc̄X) in the center-of-mass range of
91 GeV ≤ √

s ≤ 183 GeV

❐ Cross section ⇑ with
√

s as expected by QCD prediction

❐ Observed data exceed PYTHIA prediction (leading order
calculations) by 60% at 183 GeV. NLO corrections need to be
included in the next generation of Monte Carlos

❐ Direct process, even with real and virtual gluon corrections, is
insufficient to describe the data. Need resolved processes
=⇒ Data require a significant gluon content in the photon

❐ Direct contribution to cross section dependent on the charm
mass. Model total cross section as the sum of direct and resolved
components =⇒ Perform fit to determine relative amounts

❐ Higher luminosity and
√

s, improve statistical uncertainty on
charm cross section. Also, beauty production can be measured for
first time in γγ collisions
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Preliminary Results

ALEPH
AMY
TOPAZ
VENUS
TASSO
JADE
TPC/Two-Gamma

L3
L3 (preliminary)

QCD

direct

√s (GeV)

σ(
e+ e-  →

 e
+ e- cc–

,b
b–

 X
) p

b

bb
–

1

10

10 2

10 3

0 50 100 150 200

e+e− → e+e−cc̄X

Nelectrons = 1710 Nmuons = 208
σ189 GeV = 1378 ± 55 (stat) ± 134 (syst) [pb]

e+e− → e+e−bb̄X

Nelectrons = 96 Nmuons = 49
σ189 GeV = 9.9 ± 2.9 (stat) ± 3.8 (syst) [pb]
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Scintillators

1998 Data Period
Average corrected time resolution for
the 30 barrel scintillators

ID
Entries

Mean

RMS

             71
         269243

  .5206

  2.810
  .1609E+05/    18

Constant   .5059E+05   141.8
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Scintillators

1998 Data Period
Average corrected time resolution for
the 32 endcap scintillators

ID
Entries

Mean

RMS

             71
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  1.891

  4.648
  5111.    /    36

P1  -1.464   .1122E-01
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Corrected Time - Endcaps (ns)

S
c
in

t.
 H

it
s
 /
 0

.5
 n

s

All Counters - Bunchlet 1

a)

ID
Entries

Mean
RMS

             72
           5227

  1.886
  4.235

  156.9    /    36
P1  -1.200   .4582E-01

P2   1.174   .4013E-01

P3   2.758   .7097E-01
P4   559.1   18.12

Corrected Time - Endcaps (ns)

S
c
in

t.
 H

it
s
 /
 0

.5
 n

s

All Counters - Bunchlet 2

b)

0

2500

5000

7500

10000

12500

15000

17500

20000

22500

-10 -5 0 5 10 15 20 25 30

0

200

400

600

800

1000

-10 -5 0 5 10 15 20 25 30

Measurement of Inclusive Charm Production in
Two-Photon Collisions at LEP

Alan L. Stone

Louisiana State University



38
Scintillators
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Barrel counter efficiency
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Scintillators

1998 Data Period
Endcap counter efficiency

Ptrack>1.0 GeV/c
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The L3 Detector
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Direct & Resolved Process

Data (183 GeV)
MC, All
MC, Resolved
MC, Direct
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Resolved events require more visible mass to

produce charm pair because of the remnant jet
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Electron Selection

Data (183 GeV)

MC, charm

MC, non-charm
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Electron Selection

Data (183 GeV)
MC, electrons
MC, non-electrons
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Final Event Distributions

Data (91 GeV)
MC, ee → eeqq
MC, ee → qq,ττ ,eeττ ,WW

a)

Ntracks

E
ve

n
ts

10
-1

1

10

10 2

10 3

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

Data (183 GeV)
MC, ee → eeqq
MC, ee → qq,ττ ,eeττ ,WW

b)

Ntracks

E
ve

n
ts

10
-1

1

10

10 2

10 3

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

Measurement of Inclusive Charm Production in
Two-Photon Collisions at LEP

Alan L. Stone

Louisiana State University



45
Final Event Distributions

Data (183 GeV)
MC, ee → eecc
MC, ee → eeqq, q=u,d,s
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• No signal charm events rejected by Wvis cut

• Data exceeds MC by 5.5% before anti-tag cut
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Muon Selection
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